Abstract Ten strains of "Nostocoida limicola"-like organisms were isolated from a municipal wastewater treatment plant with minor industrial effluent. The near complete 16S rDNA sequences were determined for four strains to analyze the position of the organisms within the phylogenetic tree. All four isolates showed the same 16S rRNA sequence and cluster within the green non sulfur bacteria. Hybridization with oligonucleotide probe AHW183 designed complementarily to diagnostic regions of the 16S rRNA sequences showed a positive reaction with all isolated strains. Hybridization of activated sludge samples with probe AHW183 indicates the filamentous "Nostocoida limicola"-like bacteria commonly to occur inside the sludge flocs and to hardly be detected within the flocs without a specific staining. On HA-medium all strains grow as long coiled, unbranched and unsheathed filaments which usually stain Gram positive and show a variable Neisser reaction. The isolates grow well in liquid HA-medium at COD values between 1 to 4 g O 2 l -1 and a pH range from 6.0-7.8. No growth is detected in liquid R2A-medium and several synthetic mineral salts media containing various carbon and nitrogen sources.
Introduction
Scum production is a widespread phenomenon in today's activated sludge wastewater treatment. Microscopic investigation proved several types of filamentous bacteria to dominate in scumming sludge the most important being "Microthrix parvicella", "Nostocoida limicola", nocardioform actinomycetes, and Eikelboom types 0041/0675, 1851, and 0092 (Blackbeard et al., 1986; Seviour et al., 1990; Eikelboom et al., 1998; Lind and Lemmer, 1998; Wanner et al., 1998) . A detailed biological characterization of these bacteria is a prerequisite for effective countermeasures against scum formation. In this study "Nostocoida limicola"-like organisms have been isolated and cultivated in order to determine their phylogenetic position and to investigate into their physiological properties.
Methods

Isolation of filamentous bacteria
Activated sludge samples from a municipal wastewater treatment plant (WWTP) with minor industrial effluent were prepared by sonication and several washing steps in order to achieve high numbers of free filamentous bacteria (Williams and Unz, 1985) . The resulting inoculum was mixed with 0.3% softagar and spread onto solid sludge hydrolysate (HA)-medium (for details see Eikelboom, 1975) . The inoculated plates were incubated at 20-22°C and examined periodically for evidence of filamentous colonies. The small colonies could often hardly be detected by a stereomicroscope but recognition of the poorly contrasting filamentous microcolonies on the agar surface was falicitated by low-magnification inverse phase-contrast microscopy. After about 4 weeks colonies consisting of "Nostocoida limicola"-like organisms could be observed. They were repeatedly transferred to fresh media with sterile micro glass capillaries until axenic cultures were achieved.
Nutritional requirements
Nutritional requirements and metabolic properties of the isolated strains were examined by incubation in several complex and minimal culture media.
Complex media. HA-medium (Eikelboom, 1975) adjusted to pH 7.2 and a COD of 4, 3, 2, 1, 0.4, and 0.2 g O 2 l -1 , respectively, and HA-medium (COD 2 g O 2 l -1 ) adjusted to different pH-values (6.0-7.8); R2A-medium (g l -1 ): yeast extract 0.5; proteose peptone 0.5; casamino acids 0.5; glucose 0.5; soluble starch 0.5; sodium pyruvate 0.3; K 2 HPO 4 0.3; MgSO 4 0.05; pH 7.2 (Reasoner and Geldreich, 1985 Nowak and Brown, 1990) ; NL N (g l -1 ): peptone 3; KNO 3 0.76; K 2 HPO 4 0.05; CaCO 3 0.05; pH 7.2 (modified according to Nowak and Brown, 1990) .
A vitamin solution sterilized by membrane filtration was added to all heat sterilized media (121°C; 15 min) except R2A to a final concentration of thiamine 100 µg l -1 ; riboflavin 100 µg l -1 ; cyanocobalamin 5 µg l -1 ; biotin 5 µg l -1 ; pantothenate 100 µg l -1 ; folic acid 5 µg l -1 ; nicotinic acid 100 µg l -1 and pyridoxine 100 µg l -1 . Stock solutions of carbohydrates were also sterilized separately and added aseptically to the mineral salts base.
For growth experiments 25 ml of the liquid media were inoculated with 100 µl of a cell suspension obtained from cellular material resuspended in 0.14 M NaCl and incubated at 22 ± 1°C on a rotary shaker (150 rpm) for 4 weeks.
Phylogenetic analysis
16S rDNA of the isolated strains was amplified by polymerase chain reaction and sequenced according to Snaidr et al. (1997) . The obtained 16S rDNA sequences were added to the 16S rRNA sequence database of the Technical University of Munich, Department of Microbiology, by use of the program package ARB (Strunk and Ludwig, 1997) to analyze the phylogenetic position of the isolated strains.
In situ hybridization
Hybridization of paraformaldehyde-and ethanol-fixed activated sludge samples and pure cultures was carried out according to Manz et al. (1992) . The hybridized samples were counterstained with DAPI.
Results and discussion
Morphological characterization
Ten strains of "Nostocoida limicola"-like filaments were isolated from activated sludge. The pure cultures grow on solid HA-medium as circular colonies with a slightly curled margin ( Figure 1 ). The organisms form coiled, unbranched and unsheathed filaments with a diameter of 1.0-1.2 µm and may reach a length of several hundreds of µm ( Figure 2 ). The cells have an ovoid to disc-shaped appearance and usually stain Gram positive. Occasionally some filaments show a negative Gram staining reaction, in other filaments only the cell borders are stained Gram positive. The Neisser stain is negative with occasional Neisser positive granules. All strains are weakly catalase positive and show a positive reaction for cytochrome oxidase. Variable Gram and Neisser staining reactions could also be observed in other "Nostocoida limicola" isolates (Blackall et al., 2000) . Their filaments contained Gram positive as well as Gram negative cells and Neisser stained filaments were either evenly positive or contained positive granules. Lemmer and Lind (2000) as well describe Gram and Neisser staining variability for filamentous "Nostocoida limicola"-like organisms in activated sludges, especially in sludges retrieved from industrial wastewater treatment plants. This indicates that organisms morphologically being identified as "Nostocoida limicola" may be members of different taxonomical groups.
Physiological characterization
The isolates grew well in liquid sludge hydrolysate (HA)-medium adjusted to different COD and pH values, but growth was not supported in liquid R2A-medium. The intensity of growth in HA-medium was determined by measuring the optical density at a wavelength of 405 nm. At COD-concentrations ranging from 2 g to 4 g O 2 l -1 good growth of the isolates could be detected, but there was a significant decrease at 1 g O 2 l -1 . Only poor growth was observed at 0.4 and 0.2 g O 2 l -1 , respectively (Figure 3) . For a pH range from 6.0 to 7.8 growth of the filamentous organisms was supported but was significantly reduced at a pH value of 6.0 (Figure 4) . Growth of "Nostocoida limicola"-like strains was also not supported in several synthetic mineral salts media containing various carbon and nitrogen sources (for details see Table 1 ). Nowak and Brown (1990) found pure cultures of "Nostocoida limicola" to grow only very poorly in synthetic media that contained single carbon and energy sources. However, they observed good growth on a variety of carbohydrates, e.g. glucose, sucrose, glycerol, and Tween 80, if peptone was present in the mineral salts media. Growth on acetate and citrate was weak even in the presence of peptone. "Nostocoida limicola" strains isolated by Blackall et al. (2000) were able to grow on R2A-medium as well as on synthetic MSVmedium supplemented with various carbon sources, e.g. glucose, acetate, glycerol, and Tween 80 but none was able to grow on citrate or oleic acid as sole carbon source. This is in contrast to our findings where growth of the isolated pure cultures was not supported on R2A-medium or different synthetic mineral salts media containing glucose, acetate, citrate, or Tween 80. Growth of the isolated filamentous bacteria could only be observed in HA-medium indicating these organisms to be dependent on a complex nutrient supply. There might be special growth factors or carbon sources in the sludge hydrolysate medium necessary to enable growth of these isolates. The reduced growth at lower COD (0.2 and 0.4 g O 2 l -1 ) and pH values (6.0) shows that the filamentous organisms are not well adapted to both low concentrations of metabolizable substrates and low pH values. Additionally these results point out our "Nostocoida limicola"-like pure cultures to physiologically differ from those isolated by Nowak and Brown (1990) and Blackall et al. (2000) . They might therefore belong to a another phylogenetic group. The 16S rDNA of four isolated strains was amplified by polymerase chain reaction, sequenced and subsequently analyzed to place the organisms within the phylogenetic tree. All four isolates showed the same 16S rRNA sequence. Phylogenetic analysis demonstrated the obtained 16S rRNA sequences of the isolated "Nostocoida limicola"-like strains to cluster within the green non sulfur bacteria. The phylogenetic position of "Nostocoida limicola"-like organisms as members of the green non sulfur bacteria is shown in the evolutionary distance tree ( Figure 5 ). By sequence similarity our isolates are not closely related to any other known bacterium with Sphaerobacter thermophilus having the most similar 16S rRNA (87%). In contrast, the "Nostocoida limicola" strains isolated by Blackall et al. (2000) were shown to be members of the actinomycete subphylum with Terrabacter and Janibacter species being their closest phylogenetic relatives. This demonstrates again that "Nostocoida limicola"-like organisms isolated from various activated sludges may belong to different taxonomical groups. An oligonucleotide probe (AHW183) was designed complementarily to diagnostic regions of the 16S rRNA sequences of the isolated strains ( Table 2) . Evaluation of probe specificities and optimal hybridization conditions were performed with our pure cultures. Under stringent conditions (35% formamide, 46°C) all strains show a strong fluorescence. Whole cell hybridization with another probe (PPx3) detecting "Nostocoida limicola"-like organisms in activated sludge belonging to the alpha-subclass of the Proteobacteria (Snaidr, 1997) gave no positive signals with our isolates proving again "Nostocoida limicola"-like bacteria to belong to members of different phylogenetic groups.
Whole cell hybridization of the activated sludge used for isolation of the pure cultures with probe AHW183 resulted in the specific visualization of strongly stained filamentous bacteria. They commonly occur inside the sludge flocs ( Figure 6A ). The strong fluorescence indicates that the filamentous bacteria are synthesizing sufficient ribosomes as to be readily detected by in situ hybridization and therefore are assumed to have a high metabolic activity. Comparison with a simultaneous hybridization with probe EUB338 routinely used to quantify members of the domain Bacteria (Amann et al., 1990) revealed the filaments to be hardly detected within the thick sludge flocs without a specific probe staining ( Figure 6B ).
Subsequently activated sludge samples from various municipal and two industrial WWTPs have been hybridized with probe AHW183 to confirm our isolates to be found not only in the activated sludge they had been isolated from. Filamentous organisms giving a positive signal occurred in the activated sludges of several municipal WWTPs investigated, indicating that the isolated filamentous bacteria are not restricted to a specific WWTP but occur in different municipal activated sludges. In two two-stage municipal wastewater treatment plants numerous "Nostocoida limicola"-like filaments were detected in the activated sludges of the high-load first stage but not in the low-load second stage. This is in agreement with our findings that the pure cultures preferred higher substrate concentrations in the growth experiment.
No positive signals were found in the activated sludges originating from a paper mill and a petrochemical industry. This might be due to the specificity of the biocenoses in these industrial sludges being well adapted to the special kind of effluent and accommodating "Nostocoida limicola"-like organisms, which possibly differ taxonomically from those found in municipal plants.
Conclusions
In conclusion our isolates of "Nostocoida limicola"-like organisms belonging to the green non sulfur bacteria turned out to differ both physiologically and phylogenetically from isolates previously described (Nowak and Brown, 1990; Blackall et al., 2000) . This demonstrates that filamentous organisms morphologically being identified as "Nostocoida limicola" are not necessarily closely related but may be members of different taxonomical groups. In situ hybridization with fluorescently labelled gene probes designed for the isolated strains revealed that the "Nostocoida limicola"-like organisms occurred in several activated sludges of municipal WWTPs. However, they could not be detected in sludges originating from paper mill and petrochemical industry indicating the latter to possibly differ phylogenetically from "Nostocoida limicola"-like organisms found in municipal plants. (Brosius et al., 1981) Figure 6 In situ identification of filamentous "Nostocoida limicola"-like bacteria in an activated sludge obtained from a municipal wastewater treatment plant. (A) In situ hybridization with Cy3-labelled probe AHW183 identifying "Nostocoida limicola"-like green non sulfur bacteria. (B) Simultaneous in situ hybridization with fluorescein-labelled probe EUB338 (Amann et al., 1990) ; epifluorescence microscopy.
